The concept that mammalian epidermis is structurally organized into functional epidermal units has been proposed on the basis of stratum corneum (SC) architecture, proliferation kinetics, melanocyte:keratinocyte ratios (1:36), and, more recently, Langerhans cell: epidermal cell ratios (1:53 . These empirically derived equivalences provide logicomathematical support for the presence of functional epidermal units in human skin. Validation of a phi proportional unit architecture in human epidermis will be important for tissue engineering of skin and the design of instruments for skin measurement.
The concept that mammalian epidermis is structurally organized into functional epidermal units has been proposed on the basis of stratum corneum (SC) architecture, proliferation kinetics, melanocyte:keratinocyte ratios (1:36), and, more recently, Langerhans cell: epidermal cell ratios (1:53). This article examines the concept of functional epidermal units in human skin in which the maintenance of phi (1.618034) proportionality provides a central organizing principle. The following empirical measurements were used: 75 2 total epidermal cells. Given these empirical data: (1) the number of corneocytes is a mean proportional between the sum of the Langerhans cell þ melanocyte populations and the number of epidermal cells, 3393/ 17,778^17,778/93,124; (2) the ratio of nucleated epidermal cells over corneocytes is phi proportional, 75, 346/ 17, 778Bphi 3 ; (3) assuming similar 14-d turnover times for the (SC) and Malpighian epidermis, the number of corneocytes results from subtraction of a cellular fraction equal to B2/phi 2 Â the number of living cells, 75,436^(2/phi 2 Â 75,346) B17,778; and (4) if total epidermal turnover time equals (SC) turnover time Â the ratio of living/dead cells, then compartmental turnover times are unequal (14 d for (SC) to 45.3 d for nucleated epidermis B1/2phi) and cellular replacement rates are 52.9 corneocytes/69.3 keratinocytes per mm 2 per h B2/phi 2 . These empirically derived equivalences provide logicomathematical support for the presence of functional epidermal units in human skin. Validation of a phi proportional unit architecture in human epidermis will be important for tissue engineering of skin and the design of instruments for skin measurement. Key words: epidermal kinetics/cell kinetics/melanocyte/Langerhans cell/ stratum corneum. J Invest Dermatol 121: 1440^1446, 2003 H uman epidermis consists of a number of renewing structures including the interfollicular epidermis, the hair follicle, and the sebaceous gland (O'Shaughnessy and Christiano, 2001 ). Compared to other terrestrial mammals, hair development in humans is rudimentary, whereas the interfollicular epidermis is thick and well formed (Kligman, 1964) . Newborn rodents, for example, typically have a thick Malphigian epidermis at the time of birth, but the epidermis subsequently thins as the animal develops a coat of fur over the ¢rst few postnatal weeks (Hoath et al, 1993) . The persistence of a thick epidermis in humans can be illustrated experimentally by transplanting human skin to an immunocompromised mouse host (Fig 1) . This experimental strategy focuses attention on the organization of the interfollicular epidermis.
In humans, the interfollicular epidermis is responsible for formation of the stratum corneum and is structurally and functionally segmented into discrete anatomic strata that are maintained in the face of continuous change (Hoath and Leahy, 2002) . Like other renewable tissues, the epidermis maintains structural stability under transformation and its organization is therefore dynamic, with epidermal cell renewal balanced by cell removal. The processes by which the kinetic structure of the epidermis is maintained include cell birth (multiplication), spontaneous cell disappearance (apoptosis), programmed cell death (corni¢cation), and corneocyte loss (desquamation). These processes are generally associated with speci¢c epidermal strata/regions. In addition to segmentation, complex functionality in the epidermis is also achieved by the structural integration of a variety of discrete cell types including Merkel cells, melanocytes, Langerhans cells, keratinocytes, and corneocytes.
THE CONCEPT OF FUNCTIONAL EPIDERMAL UNITS
The notion that discrete cell types are arranged in geometrically ordered functional arrays constitutes a classic concept in skin biology (epidermal units). The ¢nding by Mackenzie (1970) , for example, of a relationship between mitosis and the orderly arrangement of ''columns'' in the stratum corneum of mouse epidermis led to Potten's proposal nearly 30 years ago of an epidermal proliferative unit (Potten, 1974) . Similar unitary structures have been proposed for the epidermal melanocyte, which, like the Langerhans cell, is dendritic and makes contact with a small population of adjacent keratinocytes (Quevedo and Holstein, 1998) . The functional interaction of melanocytes and keratinocytes has been formalized in the concept of the epidermal melanin unit (Fitzpatrick and Breathnach, 1963) . Each epidermal melanin unit is estimated to contain one melanocyte associated with 36 viable keratinocytes (Quevedo et al, 1974 Recently, new methods, such as confocal laser microscopy, combined with sophisticated morphologic counting techniques, have been applied to human epidermis. These methods have allowed determination of average cell densities in the epidermis and the determination of the relative ratios of di¡erent cell types. Bauer et al (2001) quanti¢ed the number of Langerhans cells in normal adult human skin (breast) and determined the ratio of this important immune surveillance cell to other epidermal cells. As noted by the authors, there is a constant (1:53) relationship between Langerhans cells and other (nucleated) epidermal cells. This ''strikingly constant ratio'' is consistent with the hypothesis of a functional unit wherein one Langerhans cell is responsible for the immune surveillance of 53 epidermal cells (Bauer et al, 2001) .
The numerical averages generated by Bauer et al can be combined with other empirical estimates. Assuming a 1:36 ratio for the epidermal melanin unit (Quevedo et al, 1974) , for example, and 73,952 non-Langerhans cells per mm 2 in human epidermis (Bauer et al, 2001) . This number correlates well with the empirical data. It is known, for example, that the distribution of melanocytes varies from site to site over the human body ranging from 2300 melanocytes per mm 2 over the cheek to 1000 melanocytes per mm 2 over the thigh (Fitzpatrick and Szabo¤ , 1959) . The absolute number is in£uenced by chronological age and environmental factors such as sun exposure.
Other empirical estimates can be culled from the literature ( Table I) . For example, in the nonnucleated cell compartment of the epidermis, i.e. the stratum corneum, the average surface area of adult corneocytes is estimated to be 900 mm 2 (Corcu¡ et al, 1991) . This number is independent of racial di¡erences (Corcu¡ et al, 1991) . Figure 2 shows data from infants, young adults, and elderly as a function of body site (Plewig and Jansen, 1997) . The average of 900 mm 2 appears to be a reasonable estimate of mean corneocyte surface area. Elsewhere, we have reviewed the literature on the mean number of layers in human stratum corneum and developed empirical support for 16 as the optimal mean layer number (Hoath and Leahy, 2002) . Knowing the average corneocyte surface area and the number of corneum layers allows calculation of stratum corneum turnover time. Johannesson and Hammar (1978) performed microscopic evaluation of dansyl chloride stained corneal layers and reported that the average rate of formation of corneal layers was 1.15 þ 0.09 (mean þ SE) layers per 24 h. Assuming the stratum corneum has 16 layers on average, this translates to a turnover time of 13.91 d. Taking 14 d as the average stratum corneum turnover time, the rate of stratum corneum formation in humans equals one new layer every 21 h. This compares to the Sprague-Dawley rat at birth, in which stratum corneum forms at a rate of 1 new layer every 5.3 h (Hoath et al, 1993) . After birth, in the rat, corneum formation slows to one new layer every 8 h (Hoath et al, 1993) .
The empirical measurements listed in Table I can be used to estimate proportionate relations between cell compartments in normal skin. These measurements represent best estimates culled from the skin biology literature and are therefore mean values standing in for the remarkable heterogeneity of human skin. Despite the empirical origin of these measures, certain mathematical coherences can be discerned. For example, the number of epidermal Langerhans cells, melanocytes, keratinocytes, and corneocytes can be interconnected in the following proportionate relationship: 3393=17; 778 $ 17; 778=93; 124:
This relationship states that the number of corneocytes in the stratum corneum (17,778) is a mean proportional between (1) the total number of Langerhans cells and melanocytes in the epidermis (1394 þ 1999) and (2) the total number of cells in the epidermis proper (17,778 þ 75,346). Thus, the ratio of 17,778 2 over 3393 Â 93,124 equals 1.00028. This relationship is una¡ected by changes in body surface area since all the measures are normalized to a standard area (mm 2 ). Hypothetically, deviations from this proportionate relationship are testable as a function of disease, body site, UV light exposure, and age. At the very least, this mathematical analysis supports the concept of a functional unit in Figure 1 . Photomicrograph of human skin following transplantation to a mouse with severe combined immunode¢ciency (SCID). The transplanted human skin exhibits a thick Malpighian epidermis and a lack of skin appendages compared to the thin interfollicular epidermis of the mouse. The split thickness graft was taken from the lateral thigh of a 65-year-old white male and transplanted to the £ank of a 4 -wk-old SCID mouse. The biopsy was obtained 10 weeks following transplant. (Courtesy of P. Sriwiriyanont, Skin Sciences Institute.) Average surface area of human corneocyte in mm 2 (Corcu¡ et al, 1991; Plewig and Jansen, 1997) 
layers
Average number of layers in human stratum corneum (Grove and Kligman, 1983; Hoath and Leahy, 2002) Average number of layers of corneum formed per day ( Johannesson and Hammar, 1978) 
d
Average turnover time for human stratum corneum (Rothberg et al, 1961; Weinstein and Van Scott, 1965; Jansen et al, 1974) Rate of stratum corneum formation (neonatal rat) (Hoath et al, 1993) human skin composed of melanocytes, Langerhans cells, keratinocytes, and corneocytes. In this relationship, the stratum corneum mediates between specialized resident cells (melanocytes and Langerhans cells) and the epidermis as a whole.
EPIDERMAL REPLACEMENT RATES
The structural considerations above can be assigned a kinetic interpretation if mean turnover times are known. In contrast to the data on the rate of stratum corneum formation and renewal, the data on replacement times for the nucleated epidermis are more di⁄cult to interpret. The classic study by Rothberg et al (1961) followed the time of appearance and disappearance of radioactively labeled glycine on the skin surface following intravenous administration of the isotope. This study led to the belief that the stratum corneum and viable epidermis both exhibited a turnover time of 14 d each. Epstein and Maibach (1965) extended this work using intradermal injection of tritiated thymidine in 21 adults followed by serial biopsies and autoradiography. These authors noted uneven movement of thymidine-labeled cells through the Malpighian epidermis with the ¢rst cells reaching the stratum corneum between 10 and 14 d after injection. In 1972, Halprin critically reviewed the existing literature supporting the accepted value of 28 d for total epidermal turnover. In that review, he carefully distinguished the concepts of minimal transit time, the time for a cell to move from the stratum germinativum to the stratum corneum from the concept of total epidermal turnover, the average time for a cell population, such as the nucleated epidermal compartment, to renew itself. Based on considerations of labeling indices in the stratum germinativum and the duration of DNA synthesis, Halprin estimated total epidermal renewal or turnover time would be 52 to 75 d in normal epidermis. Stratum corneum renewal alone comprised 14 d and the minimal transit time for keratinocytes through the Malpighian layers was estimated to be 14 d. He suggested that the values reported by Epstein and Maibach were, thus, more likely to represent minimal transit times than turnover rates for the whole epidermis.
Bergstresser and Taylor in 1979 used di¡erent starting assumptions to reach similar conclusions regarding epidermal renewal times longer than 14 d. These authors reasoned that the corneocytes in the stratum corneum, as opposed to the keratinocyte compartment, were locked ''in unison''and their steady rate of production and replacement provided a trustworthy measure of compartmental turnover. Most importantly, if the number of cells in the nucleated compartment of the epidermis were known, this number could be combined with the facts of corneum kinetics to develop estimates of epidermal replacement independently of radioisotope incorporation or determinations of mitotic indices. Corneum values used in the calculations by Bergstresser and Taylor were a total turnover time of 14 d, an average corneocyte surface area of 940 mm 2 , and an average of 20 layers in the stratum corneum. The single most critical value in this approach was the determination of 47,000 nucleated cells per mm 2 in the viable epidermis. This number was determined on the basis of direct counts of epidermal nuclei under light microscopic examination of enzymatically separated epidermis. These values were contrasted with the earlier report of Pinkus (1952) showing 72,000 nuclei per mm 2 . On the basis of the number of epidermal cells combined with the corneum kinetic data, the authors concluded that the turnover time of the keratinocyte compartment would be 31 d. Combined with the 14 -d corneum turnover, it would give a total epidermal turnover time of 45 d. Weinstein et al (1984) using an estimate of 44,000 cells for the keratinocyte compartment, and Iizuka (1994) , using Weinstein's data but correcting for a growth fraction of 60%, reached similar conclusions. Using the same corneum parameters as Bergstresser and Taylor, but with 75,346 cells per mm 2 in the epidermis (Bauer et al, 2001) , gives 49.6 and 63.6 d for turnover times of the keratinocyte compartment and the total epidermis, respectively. On the basis of both mitotic indices and stratum corneum production rates therefore the rate of total epidermal turnover is inconsistent with a 28-d cycle.
Hyperproliferative disease states, such as psoriasis, on the other hand, have much shorter turnover times. Halprin (1972) , in his earlier review, estimated the time for total epidermal renewal in psoriasis as 8 to 10 d. This marked shortening of epidermal turnover time occurs despite increased thickening of the epidermis. How is this possible? Mathematically, the empirical measures listed in Table I can be examined under di¡erent sets of circumstances and the results compared with the existing knowledge base. For example, the assumption of a 14 -d turnover time for the 75,346 cells in the nucleated epidermal compartment yields a replacement rate of 224 cells per hour. Similar calculations for the 17,778 corneocytes in the stratum corneum yield a replacement rate of 52.9 cells per hour. Such widely divergent replacement rates within the human epidermis are impossible under the assumption of a one-to-one correspondence between di¡erentiat-ing keratinocytes and newly formed corneocytes. To support such widely divergent rates, approximately 57,559 nucleated cells per mm 2 must ''disappear'' over a 14 -d interval. Whereas the controlled subtraction of cells within living tissues, i.e., apoptosis, is a commonly accepted phenomenon, there is little evidence of such widespread loss within human epidermis. Recent data, however, do support a decreased rate of apoptosis in hyperproliferative disorders like psoriasis (Takahashi et al, 2002) . The markedly thickened epidermis in psoriatic lesions therefore is likely the result of both hyperproliferation and decreased cell death (subtraction). This disorder therefore exhibits a combination of increased cell multiplication, decreased cell subtraction, and increased epidermal thickness. The concept proposed by Iizuka (1995) that epidermal architecture depends upon epidermal turnover time deserves careful scrutiny in this context.
THE HYPOTHESIS OF EPIDERMAL CELL SUBTRACTION AND THE FORMATION OF THE STRATUM CORNEUM
The rate of early corni¢cation has been measured in the perinatal rat (Hoath et al, 1993) . In this species, the rate of corni¢cation or, equivalently, the putative rate of transitional cell formation required to support stratum corneum production at birth is B3 corneocytes per cm 2 per s (0.03 cells per mm 2 /s) ( Table I) . To our knowledge, the rate of transitional cell formation has not been directly measured in humans. Theoretically, under the assumption of a one-to-one correspondence between terminally di¡erentiating keratinocytes and newly formed corneocytes, the rate of transitional cell formation should be equivalent to the rate of corni¢cation and, concomitantly, to the rate of stratum corneum desquamation.
Calculations of corneocyte formation also require attention to potential changes in corneocyte size, particularly during times of rapid surface expansion. Assuming a 14 -d turnover time for the stratum corneum and 17,778 corneocytes per mm 2 , the theoretically calculated epidermal cell replacement rate in human epidermis is 0.0147 cells per mm 2 per s (52.9 cells per mm 2 /h). This is signi¢cantly decreased compared to the rate of stratum corneum formation in the late gestational fetal rat (Hoath et al, 1993) (Table I) . The rapid rate of corni¢cation in the rat is balanced by a much larger corneocyte surface area measuring approximately 1908 mm 2 in the immediate newborn period for the dorsal epidermis. This surface area is, thus, over twice that of the average human corneocyte (Corcu¡ et al, 1991) . Estimates of stratum corneum formation in fetal and neonatal animals, however, must take into consideration the concomitant expansion in body surface area (Hoath et al, 1992) . The most super¢cial corneocytes are the ones formed ¢rst in utero. If these super¢cial corneocytes increase their surface area following formation in association with the growing body, this may result in an underestimate of the rate of individual corneocyte formation.
In adult humans, the surface area is not changing rapidly. Assuming 75,346 nucleated cells in the epidermis per mm 2 and 17,778 corneocytes per mm 2 in the stratum corneum (Table I) , the ratio of nucleated (living) to total (living þ dead) cells in the epidermis is 75,346/93,124 or Bphi/2, where phi is the golden section ratio of classic Greek geometry (Hoath and Leahy, 2002; Livio, 2002) . Alternatively, the ratio of nucleated to anucleated (dead) cells in the epidermis is 75,346/17,778. This ratio is Bphi 3 . The divergent numbers of cells in the nucleated and corneum compartments are therefore mathematically reconcilable under the hypothesis of a phi-based cellular subtraction giving rise to the complex morphology of the human stratum corneum. With the above numerical assumptions, for example, the number of corneocytes formed represents the subtraction from the living epidermal compartment of a component equal to that compartment reduced by the factor 2/phi In all cases where the compartmental turnover rates are similar between the nucleated (Malpighian) and anucleated (corneum) compartments, the kinetic rate measures will also observe the same phi proportionality. Thus, where the viable epidermis and the stratum corneum each have a 14 -d turnover time, and compartmental replacement rates are, respectively, 224 cells per mm 2 per h and 52.9 corneocytes per mm 2 per h:
Turnover times, on the other hand, may not be equal between epidermal compartments, or compartments themselves may be de¢ned other than viable (nucleated) versus corni¢ed (anucleated) cells. Weinstein et al (1984) described three epidermal compartments: proliferative, viable di¡erentiated, and stratum corneum all with turnover rates in the range of 51.9 to 62.1 cells per mm 2 per h. Given that the epidermis functions as an integrated and unitary whole, regulative hypotheses can be proposed that link turnover times among the strati¢ed compartments, and such hypotheses can be tested empirically. For example, one can pose the hypothesis that the turnover time of the epidermis as a whole (T ew ) equals the stratum corneum turnover time (T sc ) multiplied by the ratio of the number of cells in the nucleated epidermis (N ne ) over the number of corneocytes (N sc ):
Using the data in Table I , this hypothesis yields a total epidermal turnover time of 14 d Â 75,346/17,778 ¼ 59.31 d. Accordingly, the turnover time for the nucleated epidermis is 59.31^14 ¼ 45.31 d. This estimate is within the general range proposed by earlier investigators insofar as total epidermal turnover times are greater than 28 d and the turnover time for the nucleated epidermis exceeds that of the stratum corneum (Halprin, 1972; Bergstresser and Taylor, 1977; Weinstein et al, 1984) . Calculating the epidermal replacement rate under these assumptions yields 75,346 cells/45.31 d ¼ 69.3 cells per h. The ratio of the stratum corneum replacement rate to that of the nucleated epidermis is 52.9/69.3B2/phi 2 . Thus, given the above assumptions, unequal compartmental replacement rates (living versus dead cells) are consistent with the continued operation of the cell reduction constant 2/phi 2 during formation of the epidermal barrier. Whether phi proportionality or some other rational order best ¢ts the normal state of epidermal kinetics is a matter for further experimentation. If one accepts Kligman's estimate that fully 50% of the dry weight of the epidermis is accounted for by the stratum corneum (Kligman, 1964) , this means that, on average, using the numerical estimates above, each corneocyte contains 4.238 (or phi 3 times as much nonaqueous material as each keratinocyte. Assuming a tissue speci¢c gravity (density) of 1.040 and an average epidermal thickness of 100 mm, each square millimeter will be equivalent to 104 mg (Hoath et al, 1992) . With a wet-to-dry weight ratio of 3.5 for whole epidermis Ibid., each square millimeter will contain 29.7 mg of dry material partitioned equally between the stratum corneum and the nucleated compartment. On this basis, each corneocyte will contain 835 pg of dry material compared to 197 pg in each keratinocyte. The corneocyte population, therefore, although numerically de¢cient, compensates on a dry weight basis.
EPIDERMAL KINETICS AND PHI PROPORTIONAL STRUCTURES
One of the greatest challenges to understanding the spatiotemporal organization of the human interfollicular epidermis is the e¡ect of aging. Not only is the epidermis in a state of constant £ux, but the size of its cellular elements and the turnover times of its individual compartments change with age. To date, there are no regulatory principles to guide the epidermal biologist in this complex ¢eld. The data on epidermal kinetics and cell compartmentalization presented above, however, as well as earlier data on epidermal segmentation (Hoath and Leahy, 2002) strongly support a role for the golden section ratio (phi) in epidermal organization. The golden section ratio has long been connected with aesthetic considerations and has a ubiquitous ordering role in nature, particularly where there is a need for structural stability under transformation (Herz-Fischler, 1998; Livio, 2002) . Changes in corneocyte surface area with age, for example, can be examined under the hypothesis of phi proportionality (cf. Fig 2 and accompanying table) . Thus, the mean ratio comparing corneocyte size in aged adults to babies is 1.53 compared to approximately 1.23 to 1.24 for the ratio of elderly to younger adults and younger adults to babies. The former ratio compares the extremes and cannot be statistically distinguished from an average ratio of phi/1. The mean ratios comparing nonextreme age groups (young adult to elderly, young adult to babies) are statistically different from the ratio of phi/1 (outside 2 SD) but very close to the ratio of 2/phi. Grove and Kligman (1983) have provided an elegant contribution to the epidermal aging literature with a series of publications focused on morphologic and kinetic changes in epidermal architecture with advancing age. Based on their data, 1.56 is the ratio of the average transit time of individuals greater than 60 years of age to the average transit time of individuals between 18 and 29 years of age. Of note, whereas stratum corneum transit times increased, the number of layers in the stratum corneum remained remarkably constant at 16 to 17 layers in all age groups. In contrast, the rate of corneum replacement measured in layers per day decreased. The ratio of corneum replacement in the youngest (18^29 years) age group over that in the over 60 age group was 1.57. These ratios are indistinguishable from a ratio of phi/1.
In testing the hypothesis that phi proportional structures and rate constants are applicable to the human epidermis, general theoretical estimates can be calculated on the basis of the empirical measures (Table II) . Thus, on average, one would expect 93,124 cells per mm 2 with a total turnover time of 28 d to exhibit an average epidermal cell replacement rate of 0.038494 cells per mm 2 per s. This is concomitantly both the theoretical epidermal cell production rate and the theoretical desquamation rate since the epidermis, as a whole, functions as a unitary structure. If optimal epidermal structure is considered to consist of 30 nondi¡er-entiated layers (Hoath and Leahy, 2002) , the time required for production of one layer, i.e. 22.4 h, is simultaneously the time for desquamation of one layer. (Of note, these estimates are a priori and theoretical precisely because they precede considerations of the segmentation of the epidermis into functional compartments such as the stratum corneum. Hypothetically, such a priori theoretical structures are ideally suited for analysis in epidermal stem cell biology.)
The orderly process of epidermal cell production and desquamation has a heuristic analog in the logarithmic or equiangular spiral constructed within the phi proportional golden rectangle of classic Greek geometry (Fig 3) . In this construction, AD ¼ CB ¼ 1 and DC ¼ AB ¼ phi ¼ 1.618034 y, where phi is the golden section ratio or, equivalently, the solution of the algebraic equation x þ 1 ¼x 2 . More particularly, the ratio of the total axis length (drawn from the origin to the side of the golden rectangle) to the excluded segment of the axis in each quarter turn is approximately 30:1. In Fig 3, as constructed, the segment OE, for example, intersects the unit ( ¼ 1) side AD of the phi-based rectangle. En toto, the segment OE measures B1.170820, the excluded segment EF measures B0.038955, and the ratio of EF/OE is B0.0332718 or B1/30. By way of initial hypothesis, this is the ratio of one epidermal layer to the total number of layers (Hoath and Leahy, 2002) . Because the axis in each quadrant is divided in accord with the number of epidermal layers, the 30th portion excluded from the 29/30ths embraced by the spiral corresponds to the outermost epidermal layer which is £aked to the environment. With regard to the 1/30th excluded portion of the logarithmic axis (EF), which, by analogy, corresponds to the most super¢cial layer of the stratum corneum, where 0.0332718 is the ratio of that 30th part to the whole (OE) and 22.4 is the number of hours required for the desquamation process, and 0.038494 2 , the square of the epidermal cell replacement rate: 0:0332718=22:4 $ 0:038494 2 :
In this calculation, the theoretical epidermal replacement rate 0.038494 approximates the excluded segment EF in the logarithmic spiral construction measuring B0.038955. (Evidence that this theoretical rate may be relevant for understanding the functional unity of the epidermis includes the following quantitative relationships which are equal to each other within 5 to 14 parts per thousand. In other words, the ratios formed by the two sides of the equivalences below are essentially unity: (1) The square of the epidermal cell replacement rate in mm 2 per s equals the reciprocal of the epidermal cell replacement rate times the number of dead corneum cells per mm The square of the epidermal cell replacement rate 1.170820
Distance from the origin of the phi-based logarithmic spiral to the side of the golden rectangle (OE) 0.038955
The length of the excluded segment between the side of the rectangle and the spiral (EF) 0.033272 (B1/30) Ratio of excluded segment to total distance (EF/OE) 0.033272/22.4
Ratio of excluded segment to total distance over desquamation time Figure 3 . The logarithmic or equiangular spiral constructed within the phi-based (golden) rectangle of classic Greek geometry (HerzFischler, 1998) . In this construction, the side AD equals unity (1) and the side AB equals phi (1.618034 y). The line segment OE drawn from the origin to the side AD cuts the spiral at F and the rectangle at E. The excluded segment EF lying within the rectangle but outside the bounds of the spiral measures approximately 0.038955 (see Table II ). By analogy, this segment corresponds to the outermost layer of the stratum corneum £aked to the environment (see text).
Of note, the golden rectangle containing the logarithmic spiral (Fig 3) grows by the accretion of squares; hence, its common appellation as the ''rectangle of the whirling squares'' (Herz-Fischler, 1998) . The orderly growth of the rectangle in Fig 3, for example, anticipates the addition of a square with a side equal to the segment AB. This simple process of accretion yields a series of squares, the areas of which stand to each other in the general ratio of 1:phi 2 , that is, the squares constituting the golden rectangle form the series 1 þphi 2 þ phi 4 þ phi 6 , etc. The growth factor phi 2 was introduced previously in the reciprocal context of the subtractive factor (2/phi 2 ) balancing the number of cells in the nucleated epidermis with the number of corneocytes in the stratum corneum. In the mathematical construction shown in Fig 3, the asymmetric axis segment (OE) measuring B1.170820 is taken as representative of the total average ''thickness'' of the epidermis optimally segmented into 30 cell layers (Hoath and Leahy, 2002) . The excluded segment EF, by this analogy, corresponds to the excluded 1/30th portion of the larger whole and approximates the calculated total epidermal cell turnover rate of 0.038494 cell per mm 2 per s. The length of the excluded segment EF and the calculated epidermal cell turnover rate are both very nearly equal to the inverse product of the golden section ratio (phi) and the number of layers in the stratum corneum (16):
Moreover, within about 1 part per 10 thousand, the mathematical relationship of the ratio 2/phi 2 to the length of the axis segment OF is the following: 2=phi 2 B1=1:1708 1=ð1:1708=2Þ :
This complex mathematical relationship falls out naturally from the foregoing analysis. In the context of the discussion of epidermal biology, this relation deserves serious consideration by skin scientists and dermatologists interested in the logicomathematical structure of the epidermis. The embryologic connection between human brain development and the formation of the posterior parietal hair whorl in association with Langer's lines of skin tension and the inherent tendency of keratinocytes to form spiral patterns in vitro has been previously discussed (Hoath, 1990 ).
SUMMARY
In earlier work, we have proposed a rational structure for human epidermis in which the various epidermal strata are organized in a phi proportional manner (Hoath and Leahy, 2002; Leahn, 2003) . Speci¢cally, optimal epidermal structure exhibits strati¢cation into four segments containing 1, 4, 9, and 16 cell layers each. The strategic position of the Langerhans cells in the ''midepidermis'' is interpreted to mark the interface between the 2nd and 3rd epidermal strata. The intraepidermal location of the Langerhans cells therefore is taken to be a better functional marker than the presence or absence of morphologic criteria such as intracellular granules. The ratio of the theoretical time for stratum corneum turnover (22.4 h) to the empirically measured time (21 h) ¼ 1.066667. Where 16 is the number of layers in the stratum corneum, 30 is the total number of layers in the epidermis as a whole, 14 is the time in days for stratum corneum replacement, and 28 is the time in days for replacement of the entire epidermis:
ð16=30Þ=ð14=28Þ ¼ 1:066667:
The above considerations are consistent with an objective, quantitative, and predictive model of epidermal structure incorporating functional groupings (units) of discrete cell types. By hypothesis, formation of the epidermal barrier in human skin involves a phi proportional reduction (subtraction) in the number of living cells constituting that barrier. The kinetic and morphologic interpretation of this reduction is hypothetically dependent upon the relative turnover times and minimal process times for the various epidermal compartments (Iizuka, 1995) . Apparent discrepancies between turnover times in the nucleated epidermis and turnover times in the stratum corneum are consistent with the hypothesis that formation of the stratum corneum involves phi proportional adjustments in the organization of the epidermis linked to apoptosis and programmed cell death. These empirically derived equivalences provide logicomathematical support for the presence of functional epidermal units in human skin. Validation of a phi proportional unit architecture in human epidermis will be important for tissue engineering of skin, the development of ''smart'' skin care products, and the design of instruments for skin measurement.
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